To determine whether resolution of smaller scales is necessary to simulate large-scale ocean climate correctly, I examine results from a global ocean GCM run with different horizontal grid spacings. The horizontal grid spacings span a range from coarse resolutions traditionally used in climate modeling to nearly the highest resolution attained with today's computers. The experiments include four cases employing 4 °, 2 °, 1 ° and 1/2 ° spacing in latitude and longitude, which were run with minimal differences among them, i.e., in a controlled experiment. Two additional cases, 1/2 ° spac, ing with a more scale-selective sub-gridscale mixing of heat and momentum, and approximate 1/4 ° spacing, are also included. The 1/4 ° run resolves most of the observed mesoscale eddy energy in the ocean. Artificial constraints on the model tend to minimize differences among the different resolution cases. Nevertheless, the simulations show significant changes as resolution increases. These changes generally but not always bring the model into better agreement with observations.
Abstract.
To determine whether resolution of smaller scales is necessary to simulate large-scale ocean climate correctly, I examine results from a global ocean GCM run with different horizontal grid spacings. The horizontal grid spacings span a range from coarse resolutions traditionally used in climate modeling to nearly the highest resolution attained with today's computers. The experiments include four cases employing 4 °, 2 °, 1 ° and 1/2 ° spacing in latitude and longitude, which were run with minimal differences among them, i.e., in a controlled experiment. Two additional cases, 1/2 ° spac, ing with a more scale-selective sub-gridscale mixing of heat and momentum, and approximate 1/4 ° spacing, are also included. The 1/4 ° run resolves most of the observed mesoscale eddy energy in the ocean. Artificial constraints on the model tend to minimize differences among the different resolution cases. Nevertheless, the simulations show significant changes as resolution increases. These changes generally but not always bring the model into better agreement with observations. Differences are typically more noticeable when comparing the 4 ° and 2 ° runs than when comparing the 2 ° and 1 ° runs or the 1 ° and 1/2 ° runs. A reasonable conclusion to draw for current studies with coupled oceanatmosphere GCMs is that the ocean grid spacing could be set to about 1 ° to accrue the benefits of enhanced resolution without paying an excessively steep price in computer-time cost. The model's poleward heat transport at 1/2 ° grid spacing peaks at about I x 10 is W in the Northern Hemisphere and 0.5x1015 W in the Southern Hemisphere. These values are significantly below observations, a problem typical of ocean GCMs even when they are less constrained than in the present study. This present problem is alleviated somewhat in the 1/4 ° run. In this case, however, the eddies resolved by the model generally act to counter rather than to reinforce the heat transport of the mean flow. Improved heat transport may result less from enhanced resolution than from other changes made in this version of the model, such as more accurate wind forcing.
Rationale
Climate simulations with general circulation models (GCMs) suffer from a limitation inherent to any hydrodynamic calculation. To solve partial differential equations on a computer, the fluid continuum must be sampled at a finite number of points, typically a fixed grid. Convergence as resolution is increased is difficult to attain or even test because the amount of computer time required increases rapidly with resolution. The problem is especially worrisome for horizontal resolution in ocean GCMs. Most kinetic energy in ocean currents occurs at horizontal scales less than roughly 50 km, the size of mesoscale eddies (e.g., Fig. 6 of Woods 1985). Global ocean-atmosphere GCMs, however, have typically operated with horizontal grid-point spacings of several hundred kilometers.
This report describes how an ocean GCM behaves as a function of horizontal resolution when used to simulate the present-day climate. The model chosen for this study, developed by Semtner and Chervin (1988, 1992) , takes advantage of recent supercomputer technology to achieve the greatest horizontal resolution attained to date for a model with global coverage. Semtner and Chervin's publications describe model runs performed at 1/2 ° grid spacing in latitude and longitude (1/2° x 1/2°). In this study I compare these relatively high-resolution runs with simulations at three lower resolutions: 1 ° >," 1 °, 2 ° x 2 ° and 4 ° x 4 °. The model runs for this comparison were set up with minimal differences other than resolution, i.e., as a controlled experiment or, in terminology of the World Climate Research Program, a "Level II Intercomparison." In addition, I examine results from a 1/2 ° x 1/2 ° run with a different, more scale-selective parameterization of subgridscale mixing, which allows more fine structure to develop. I also briefly examine results from a run with approximately 1/4 ° grid spacing (Semtner and Chervin 1993). These two additional runs were performed separately by Semtner and Chervin, who generously provided the results. The 1/4 ° run in particular is not easy to compare with the Level II runs because of numer-ous changes made in the model in addition to resolution (see next section). It does, however, give insight into the effects of mesoscale eddies, because the 1/4 ° run captures essentially all of the eddy activity observed by satellite altimeters.
The present study cannot conclusively determine whether the effects of mesoscale eddies can be neglected (or parameterized) in large-scale climate simulations. For GCM climate studies focusing on large spatial scales, however, an immediate practical question arises. The question is: what benefit results from the steep costs in computer time that are imposed by increasing a model's resolution? (For example, for the Level II runs reported below, computer-time costs increased by about a factor of 5 to 6 for each halving of horizontal grid-point spacing.) Increasing resolution in the ocean component of a coupled model must compete with a multitude of other computer-time demands in climate simulations. These demands include fully exploring adjustable-parameter and initial-condition space, increasing the length of simulations and incorporating related components of the climate system such as the carbon cycle. Accordingly, it is important to gauge how much an ocean GCM's simulation of large-scale climate improves as horizontal resolution increases. That is the principal goal of the present study.
Indeed, it is worth emphasizing at the outset that the I do not attempt to present exclusively or even predominantly the best results attainable with the Semtner-Chervin model. The work described is a parameter study involving many different resolution-versions of the model. Some of these naturally give results that agree less well with observations than other versions. Readers wishing to see the optimum performance of the model should consult the relevant papers by Semtner and Chervin (1988 , 1992 , 1993 .
Relationship with other ocean model studies R. C. Malone and coworkers (personal communication) have recently completed an additional run of the Semtner-Chervin model at about 1/6 ° grid spacing. Additional ocean GCM studies of the effect of horizontal resolution have employed equally high resolution. Except for the work of Malone et al., which is not yet completely analyzed, these studies employed a variety of idealizations (Bryan 1991). They applied to limited domains and often employed unrealistic box-like geometry for ocean basins. Also, they sometimes simplified the mechanism of thermohaline circulation by replacing the two conserved variables, temperature and salinity, with a single conserved variable, density. Complementing these high-resolution models, a number of coarse-resolution ocean GCMs have been developed for linkage with atmospheric models (e.g., Bryan and Lewis 1979; Meehl et al. 1982) . In recent years a third class of ocean GCMs has appeared (de Cuevas 1993; Beckmann et al. 1994 ). Models in this class fall Covey: Global ocean circulation and equator-pole heat transport 
